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I. INTRODUCTION
Devices based on the transport of electron spin have generated the new field of spintronics, starting with the discovery of giant magnetoresistance (GMR) in 1988. 1, 2 Spintronic devices have potential applications in nonvolatile memory, advanced read heads and other sensors, spin-torque oscillators, and spin--based transistors. The related but separate effect of tunneling magnetoresistance [3] [4] [5] (TMR) utilizes magnetic tunnel junctions (MTJs), where electron spins tunnel through a thin insulating barrier from ferromagnetic electrodes. When the two ferromagnetic layers are aligned parallel, the resistance is low, whereas when they are aligned antiparallel, the resistance is high. In 2001, Butler et al. 6 predicted theoretically that replacing the amorphous alumina barrier with crystalline bcc (001) MgO sandwiched between two Fe layers would have a near-perfect lattice match and result in giant TMR. This was experimentally proven in 2004-2005, 7,8 but epitaxial growth by conventional production techniques was difficult. Subsequently, Djayaprawira et al. devised the brilliant scheme of replacing Fe electrodes with amorphous CoFeB, which templates a perfect bcc (001) structure from the MgO upon annealing, thereby allowing conventional sputtering techniques to produce the giant TMR effect.
There is considerable interest in perpendicular magnetic anisotropy (PMA) magnetic tunnel junctions (p-MTJs) for spin torque transfer random access memory (STT-RAM) for improved thermal stability and lower critical currents. In these p-MTJs, the demagnetizing field is in the same direction as that of the applied biasing field, thereby reducing the switching current density J c without affecting the thermal stability. Utilizing a synthetic antiferromagnet (SAF) based pinned layer considerably enhances the thermal and magnetic stability of these sensors. A synthetic antiferromagnet 10 consists of two ferromagnetic layers, which are antiferromagnetically coupled by a thin layer of non-magnetic metal, typically Ru. A perpendicular SAF can be constructed by using perpendicular anisotropy Co-based multilayers (MLs) antiferromagnetically coupled by Ru. [11] [12] [13] [14] However, our previous studies 15 on Co-based MLs have shown that lattice mismatch between the fcc (111) MLs and the bcc (001) MgO limits the tunneling magnetoresistance (TMR) value to about 10%. Recent work 14, 17 indicates that TMR can be improved by inserting a thin Ta bridge layer. These groups have also had success with a thin CoFeB fully perpendicular free layer with effective seed and/or capping layers.
The objective of the present work was to use these observations to develop a perpendicularly magnetized stack with a SAF (two ferromagnetic [Co/Pd] multilayers separated by a thin Ru spacer of about 1.1 nm through which the two MLs are antiferromagnetically coupled) and a thin Ta bridge layer (0.3 nm) between the CoFeB layer on top of MgO and the multilayers. Detailed optimization studies were also carried out on the thin Ta-seeded CoFeB perpendicular free layer of these SAF based p-MTJs. 
II. EXPERIMENTS
All the samples were deposited with a Sputtered Films seven-gun Shamrock sputter deposition system, using sequential deposition for Co/Pd multilayers. The base pressure of the processing chamber prior to deposition was 2 Â 10 À8 Torr, and the Ar sputtering pressure was maintained at 2 mTorr. Deposition powers were between 200 W and 400 W. After deposition, these samples were heat-treated in a magnetic annealing oven with a field of 0.5 T applied in the plane of the sample. To study the influence of annealing temperature on TMR, the samples were annealed at 100 C, 150 C, 200 C, 240 C, and 300 C. Magnetometry measurements were performed with a Princeton Scientific alternating gradient magnetometer (AGM) and the transport properties were carried out using a Capres current in-plane tunneling (CIPT) measurement technique.
III. RESULTS AND DISCUSSION

A. Optimization of free layer
An effective seed layer is essential for making the CoFeB (free layer) perpendicular. We deposited Ta and Ru seed layers with the stack structure as follows: (Ta/Ru) 2/[t CoFeB x]/ MgO 0.9/TaN5. The t CoFeB was varied between 0.8 and 1.3 nm as shown in Fig. 1 . Samples with Ta seed layer showed higher perpendicular anisotropy compared to that of Ru because of the B diffusion into Ta after annealing. 16 t CoFeB ¼ 1 nm showed high perpendicular anisotropy with anisotropy energy density K u t ¼ 0.24 erg/cm 2 and was used as the optimized free layer in our full MTJ stack.
B. Optimization of pinned layer
1. Co/Pd ML scheme A series of Co/Pd MLs was deposited both above MgO (Ta/MgO/t CoFeB /[Co/Pd] n /Ta) and below MgO (Ta/seed layer/[Co/Pd] n /t CoFeB /MgO/Ta) barrier layer and was optimized. A range of seed layers, Co: Pd ratios, t CoFeB , and annealing conditions were used. From Fig. 2 , it is evident that the coercivity of Co/Pd MLs is easily tunable both above and below MgO by just changing the thickness of Co in the Co/Pd ML. A Co: Pd ratio of 0.3:1 was seen to pull the largest thickness of CoFeB perpendicular (1.3 nm), as shown in Fig. 3 and hence was utilized in our multilayer SAF stacks. 2 , which is calculated by assuming that reversal occurs when the external field balances the exchange þ anisotropy field. From Fig. 4 , it is evident that at t Ru ¼ 0.9 nm, the Co/Pd MLs are ferromagnetically coupled and then with increase in t Ru they become antiferromagnetically coupled. Therefore, for the full p-MTJ structure t Ru of 1.1 nm was used. The optimized SAF coupled Co/Pd ML was deposited with CoFeB on top of the barrier MgO layer. A thin Ta (0.3 nm) transition layer was introduced between the bcc CoFeB and the fcc Co/Pd ML based SAF as an attempt to improve the structural mismatch.
IV. FULL MTJ DEVELOPMENT AND SIMULATION
A free layer of t CoFeB ¼ 1 nm, which is fully perpendicular after annealing and pinned layer with strong SAF coupled Co/Pd ML, was incorporated and deposited in a stack of the form Ru5/Ta2/CoFeB1/MgO1.6/CoFeB0.8/ Ta0 
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stack can be utilized in sensors or memory applications with perpendicular anisotropy, since this extended plateau of constant magnetization around zero field offers a large field range over which the magnetic configuration remains stable. 17 We have also deposited similar p-MTJs based on Co/Pt rather than Co/Pd MLs and have achieved satisfactory results. A micromagnetic simulation was carried out, assuming þ1 kOe for the ML and À1 kOe for the coupled CoFeB, resulting in a net out-of-plane anisotropy for the pinned layer, with the fit matching well with the experimental results, as shown by the red dotted curve in Fig. 5 .
Current-in-plane tunneling (CIPT) measurements were carried out on the blanket wafers. The dependence of TMR and RA on the post-deposition annealing temperature is shown in Figs. 6(a) and 6(b), respectively. The highest TMR of about 40% was obtained by annealing at 150 C for two hours.
Increasing the annealing temperature decreased the TMR. This effect has been noted by other researchers as well.
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V. CONCLUSIONS
In summary, we have optimized both the free layer and the pinned layer and achieved fully perpendicular MTJs with an optimized TMR of about 40%. Further studies on interfacial anisotropy for the free layer, together with optimization of a thinner, plasma-oxidized Mg barrier are ongoing, which should help in achieving much higher TMR and lower RA with the same type of stack. 
